An autostereoscopic display with parallax barrier attached onto a liquid crystal panel suffers from the trade-off between brightness and crosstalk. One approach for making improvement by modifying the layout of light blocking components, such as thin film transistor, storage capacitor, and protrusion, in the liquid crystal pixel has been proposed. Ray tracing simulation shows that the aperture of the slanted barrier can be significantly increased, hence increasing efficiency, while keeping the same crosstalk level if those light blocking components can be shifted to the corner of the pixel. A six-view 2.83 in. (7.19 cm) prototype has shown improvement on both brightness and crosstalk compared to its counterpart using a traditional liquid crystal panel, which demonstrates an effective approach for a high-efficiency barriertype autostereoscopic 3D display with a liquid crystal panel.
Introduction
Autostereoscopic displays are a kind of naked-eye three-dimensional display which show a different image to both eyes of the viewer without the need of users wearing glasses and exploits the binocular disparity of human vision for depth perception [1] [2] [3] . The technology for realizing this 3D concept can be classified into several types, namely spatially multiplexed, time multiplexed, eye tracking, etc., and the type to be chosen mainly depends on the temporal response of the image source. Spatially multiplexed type has been widely used for liquid crystal (LC) panel-based 3D displays mainly because the response time of LC pixel is normally not fast enough for the application where a multiple-view 3D display is required. To spatially split perspective views, a parallax barrier [4] or lenticular array [5] is normally attached onto the front surface of the LC panel. The pixels of the panel are divided into a number of groups, depending on the required number of different views, and each group of pixel can be seen from only a specific viewing location or direction. This approach has led to commercial products with different screen sizes for cell phones, monitors and television application. Because of the significant reduction of resolution by using a 2D panel for a 3D application if the pixels are divided only in the horizontal direction, slanted barrier or lenticular array have been used to share the pixel division in both horizontal and vertical directions [6, 7] . Nevertheless, the brightness and crosstalk issue in the 3D mode leaves room for improvement, especially those with parallax barrier. The crosstalk will rise if the aperture of the barrier is increased for higher efficiency or brightness. Rearranging the pixel layout [8] or modifying pixel shape [9] can be helpful for coping with this issue. This paper presents an approach for making improvement by modifying the layout of light blocking components within the LC pixel, such as thin film transistor (TFT), storage capacitor, and protrusion, without significant modification on the LC panel. The effectiveness of the approach has been verified by both ray tracing simulation and experimental characterization on prototypes with proposed and conventional LC panels.
Autostereoscopic Display with Liquid Crystal Panel and Slanted Barrier
The configuration of a six-view autostereoscopic display with a conventional LC panel and slanted barrier is shown in Fig. 1 . The shaded area indicates the area covered by the slanted parallax barrier. The function of the barrier is to split the pixel on the panel into 6 groups and each group of pixel can be seen only from a specific viewing direction or virtual viewing window, as shown in Fig. 2 [10] . A slanted barrier can share the resolution reduction in horizontal and vertical directions. The slanted angle of the barrier is determined by considering the layout and aspect ratio of the red-green-blue (RGB) subpixel on the panel [11] , and becomes 18:4°in this case. In addition, after attaching the slanted barrier on the LC panel for making the autostereoscopic 3D display, the grouping of RGB subpixel is changed, and the pixel grouping is shown in Fig. 3 . No matter the configuration of the barrier, the efficiency and brightness of the 3D display largely depends on the aperture ratio of the barrier because it functions by letting through the light from the pixels of corresponding view while blocking all the others. The larger the aperture ratio of the barrier, the higher the efficiency and the brightness of the 3D panel, but the higher the crosstalk in the meantime.
An active matrix LC panel has several electrical components within each pixel to accurately control the addressing and data signal across the LC layer, which include TFT and storage capacitor. For a panel with multi-domain vertical alignment (MVA) mode [12] for wide viewing angle application, there is also central protrusion within the pixel. These components limit the aperture ratio of the pixel, as shown in Fig. 1 . Associated with the light being blocked by the barrier, the efficiency of the barrier-type autostereoscopic LC display can be very low. It will become even worse when the pixel size needs to be reduced for a higher resolution 3D display.
As both pixel and barrier block a part of the light, it is expected that the combined light blocking pattern can be manipulated or optimized to alleviate the trade-off between crosstalk and brightness. If the pixel shape and layout will be maintained to minimize the rework in fabrication, the degree of freedom for modification will become the location of those light blocking components within the pixel. With a slanted barrier, the geometric ray tracing shown in Fig. 2 evidently shows that the light emitted from the top-right and bottom-left corner of the pixel is the major source of crosstalk, because these corner areas become the edge of each pixel to its neighboring pixels along the direction of viewing zone distribution. Therefore, shifting light blocking components to the corner of the pixel, as shown in Fig. 4 , should help to reduce crosstalk while maintaining the brightness, or in another words, the brightness can be increased by opening up the barrier slit while keeping the same crosstalk level [13] . The major modification in the pixel structure shown in Fig. 4 , compared to what is shown in Fig. 1 , is the removal of central protrusion, as well as changing the shape of the storage capacitor from rectangle to triangle and locating it at the top-right corner of the pixel. The shaded area also indicates the area covered by the slanted parallax barrier.
Evaluation of Crosstalk and Efficiency with Ray Tracing Simulation
The efficiency of 2 six-view barrier-type autostereoscopic displays, one with a conventional LC panel as shown in Fig. 1 and the other with the proposed LC panel as shown in Fig. 4 , is evaluated with ray tracing simulation, based on the crosstalk criteria of 5% [14] . The definition of the crosstalk is illustrated in Fig. 5 , which is the ratio of the interfering light luminance from the neighboring view to the peak luminance at the center of each viewing zone. The viewing zone is defined on angular base seen through the slit of the barrier. For each viewing zone, there is crosstalk from the neighboring view on both sides, and the average is made on the crosstalk from both sides at the center of each zone.
Both panels have subpixel size of 30 μm × 90 μm and aperture ratio of 51%, although with different layout of light blocking components within each subpixel. The angular transmission profile of the pixel for simulation is taken from the measurement on an MVA panel for the conventional case as shown in Fig. 6 , while the proposed panel uses polymer sustained alignment (PSA) mode to remove the protrusion at the center of the pixel [15] . The angular transmittance profile of PSA is similar to that of MVA and as shown in Fig. 6 . The corresponding angular luminance distribution on the barrier slit for both cases with the conventional and the proposed panel is shown in Fig. 7 as a dotted and solid line, respectively, where the slit width of the barrier for both is 0:019 mm. It indicates that the central peak of each corresponding view is higher and the crosstalk is lower for the proposed panel. Figure 8 shows the crosstalk and efficiency versus barrier slit width for both panels. The scale of crosstalk is marked on the left and efficiency on the right of the diagram. Using the average crosstalk of 5% as the criteria, the slit width and the corresponding efficiency of the conventional panel are 0:019 mm and 3.17%, respectively, while the slit width and the corresponding efficiency of the proposed panel are 0:026 mm and 4.33%, respectively. The improvement on the efficiency becomes 37%.
Prototype Characterization
The 2.83 in. (7.19 cm) six-view 3D display device with both conventional and proposed LC panels have been made and the pixel of both panels is shown in Fig. 9 . The differences between two panels are the layout of the light blocking components within the pixel and the barrier slit width, which is 0:019 mm for the conventional panel and 0:026 mm for the proposed panel, taken from the simulation result where the average crosstalk is 5% as described in Section 3. The LC mode is MVA for the conventional panel and PSA for the proposed panel. Although the PSA mode has no protrusion, the aperture ratio of both panels has been made the same at 51% to verify the improvement by the layout of the light blocking component within the pixel.
The angular luminance distribution was measured with conoscope over a circular area of 2 mm diameter on the panel, which covers 11 slits of the barrier. The measurement was made by turning on each of the 6 views one by one, and the measurement result of view 3 is shown in Fig. 10(a) . Taking the distribution along the line corresponding to the azimuthal angle of 0°yields the angular luminance distribution shown in Fig. 10(b) . Overlapping the angular luminance distribution shown in Fig. 10 (b) of all 6 views yields the angular luminance distribution shown in Fig. 11 , where Fig. 11(a) is for the conventional panel and Fig. 11(b) is for the proposed panel. Using view 3, shown with a dotted line in Fig. 11 , for comparison, the average crosstalk are 37% and 19% for the conventional and proposed panel, respectively. The efficiency is evaluated by integrating the angular luminance distribution for all 6 views, and are 100% and 163% for the conventional and proposed panel, respectively, where the conventional panel has been used as the reference. The improvement on crosstalk and efficiency made by the proposed panel are then 50% and 63%, respectively, upon the conventional panel. The picture taken from the normal viewing direction of both panel is shown in Fig. 12, which shows a brighter image from the proposed panel. The double images in the pictures are the stereo images from view 3 and view 4.
Discussions
The simulation result in Section 3 and experimental result in Section 4 have shown a similar trend of improvement on brightness and crosstalk by adopting the proposed layout of light blocking components within the pixel. The layout cannot be fully optimized by confining all those components into two triangular areas at the top-right and bottom-left corner of each pixel due to some practical reasons, such as the technical issues of making slanted data and address line, difficulty in splitting storage capacitor, etc. Nevertheless, the effectiveness has been evident as shown in Fig. 11(b) , where the slopes on both side of angular To realize the proposed layout and move all the light blocking components to the top-right and bottom-left corner as possible, the MVA mode, which needs a protrusion at the center of each pixel, cannot be used any more. PSA is a protrusion-free MVA mode and has similar optical performance to that of MVA, with little improvement on transmittance [15] . Therefore, it is considered as a suitable candidate for replacing traditional MVA to realize the proposed pixel structure. Furthermore, because the optical characteristics of MVA and PSA are similar, and the pixel aperture ratio of both cases have been made the same, the claimed improvement on brightness and crosstalk can mostly be attributed to the proposed layout of light blocking components.
One other point to be discussed is that the experimental result has shown larger efficiency and crosstalk than what is predicted from simulation, for both the conventional and the proposed 3D panels. The performance of the parallax barrier has been identified as the major factor to cause the deviation. Figure 13(a) shows the picture of one barrier slit with a uniform backlighting, and Fig. 13(b) shows the normalized intensity distribution across the slit in the horizontal direction. The defined slit width, 0:026 mm, has also been marked in both figures. Light leakage outside the defined slit region is the major cause of larger efficiency and crosstalk than in the theoretical values from the simulation. The leakage is partly because the barrier is not fully opaque, and partly because the slope of the transmittance profile at the slit edge is not steep enough. However, the gap between the simulation and experimental results does not contradict the effectiveness of the proposed scheme, because the proposed 3D panel exhibits lower crosstalk with higher brightness.
Conclusions
Brightness and crosstalk are major trade-offs in a barrier-type autostereoscopic 3D display. When using a LC panel as the image-source panel, optimizing the location of the light blocking component within the pixel in accordance to the barrier shape is an effective approach for improvement with minimum modification from the conventional LC panel. With a specific crosstalk level, the proposed approach leads to a larger aperture of the barrier compared to the case of using a conventional panel, which in turn achieves a higher-brightness autostereoscopic 3D display.
